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a  b  s  t  r  a  c  t
Magnetoelastic  sensors  are  used  in a wide  ﬁeld  of wireless  sensing  applications.  The  sensing  element  is
a low-cost  magnetostrictive  ribbon  whose  resonant  frequency  depends  on the  measured  quantity.  The
accuracy  of magnetoelastic  sensors  is limited  by the  fact that  the  resonant  frequency  is  also  affected  by
the earth’s  magnetic  ﬁeld.  In  this  paper  we present  a technique  to  minimize  this  effect  by  applying  an
antisymmetric  magnetic  bias  ﬁeld  to the  ribbon.  The  ribbon’s  response  to  external  perturbation  ﬁelds
was measured  and  compared  to  a conventional  sensor  design.  Our  results  show  that  the  inﬂuence  of  theeywords:
agnetoelastic resonance sensor
emote measurement
assive sensor
arth’s magnetic ﬁeld
earth’s magnetic  ﬁeld  could  be reduced  by 77%.
© 2012 Elsevier B.V. Open access under CC BY-NC-ND license. ompensation
ntisymmetric bias ﬁeld
. Introduction
The principle of magnetoelastic resonance sensors is long
nown and in its simplest form used millionfold in electronic article
urveillance (EAS) [1].  In recent years there has been an increasing
nterest in magnetoelastic sensors, as they provide an opportunity
o remotely monitor a variety of quantities [2,3]. The sensors are
assive and material costs are so low that it is possible to use them
n a disposable basis. They are applicable for measuring temper-
ture [4],  pressure and mass [5],  ﬂuid ﬂow velocity and density
6–8], humidity [9,10],  pH [11,12],  concentration of ammonia [13],
lucose [14], carbon dioxide [15], Escherichia coli [16], etc.
The basic sensing element of magnetoelastic resonance sensors
s a low-cost amorphous ferromagnetic ribbon. As a consequence of
he magnetoelastic effect mechanical vibrations of the ribbon can
e generated remotely by applying a time varying magnetic ﬁeld.
fter turning off this excitation ﬁeld the ribbon mechanically oscil-
ates at its resonant frequency. It thereby produces a time varying
agnetic moment (inverse magnetoelastic or Villari effect), which
an be detected remotely again.The ribbon’s resonant frequency depends on its Young’s modu-
us which in turn depends on the ribbon’s pre-magnetization, due to
he E-effect [17,18]. The pre-magnetization also determines the
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Open access under CC BY-NC-ND license. sensor’s signal strength [19] and the resonant frequency’s temper-
ature dependence [20] and thus constitutes the ribbon’s operating
point. The pre-magnetization is obtained by a constant magnetic
ﬁeld (bias ﬁeld). The bias ﬁeld can be generated by a coil or the stray
ﬁeld of an adjacent permanent magnet which can be included in the
housing of the sensor. The bias ﬁeld is commonly homogeneous or
at least its longitudinal component is of constant sign along the
ribbon’s long axis.
Depending on the speciﬁc sensing application magnetoelastic
resonance sensors are designed to transduce a change of the mea-
sured quantity to a change of the resonant frequency with respect
to the set operating point.
Unfortunately this operating point is shifted by external mag-
netic ﬁelds like the earth’s magnetic ﬁeld. In general it could not
be distinguished if changes of the resonant frequency are due to
such perturbations or due to changes of the measured quantity
indeed. This signiﬁcantly reduces the accuracy and reliability of
magnetoelastic sensors.
To eliminate this inﬂuence of external ﬁelds on the resonant
frequency in ﬁrst order one can choose the operating point to be
at an extremum of the E–H-curve [9],  but thereby compromising
signal strength and temperature dependence. Another way  is to use
ribbons with higher anisotropy ﬁelds and/or higher demagnetizing
factors which need large bias ﬁelds and thus reduce the relative
inﬂuence of external ﬁeld perturbations. The ﬁrst concept is not
practicable when it comes to sensor designs where the measured
quantities are transformed to changes in the ribbon’s effective bias
ﬁeld [21–23], because in those cases the resonant frequency has
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aFig. 1. Schematic of experiment setup.
o be sensitive to changes of the H-ﬁeld. Application of the second
oncept makes it difﬁcult to cause the ribbon to vibrate by means
f an external AC ﬁeld.
Some other efforts to solve the problem have been made
ecently by Ong et al. [24]. When analyzing non-linearities of the
ibbon’s permeability one could estimate and therefore consider
mbient conditions like temperature and external magnetic DC
elds. This technique yields large error reductions but restricts the
ossibility to read out the sensor remotely, as it requires to gener-
te a controllable and well deﬁned magnetic DC ﬁeld at least of the
agnitude of the perturbing magnetic ﬁeld (i.e. earth’s ﬁeld) at the
ibbon’s position.
Besides this a method for increasing the accuracy of magne-
oelastic resonance mass sensors has been developed when mass
hanging is not uniformly distributed along the ribbon. The method
onsiders the frequency of the second harmonic resonance mode,
hereby overcoming the lack of sensitivity of the ﬁrst harmonic
requency against certain types of mass changes [25].
This article presents a method of minimizing the effect of
xternal magnetic ﬁelds on magnetoelastic sensors which is also
ased on measuring a higher resonance mode. The technique only
arginally restricts the possibility to optimize the sensor charac-
eristics by means of pre-magnetization.
. Underlying principle
The perturbing inﬂuence of the longitudinal (parallel to the
-axis, see Fig. 1) external ﬁeld component on the ribbon is pre-
ominant over the inﬂuence of the perpendicular components, due
o following reasons: First, due to the ribbon’s geometry its longitu-
inal demagnetizing factor is much smaller than those of the other
irections. Second, the ribbon’s magnetic easy axis is perpendicular
o the long axis. The perpendicular magnetization components of
eighboring domains are thus antiparallel [1].  Therefore, effects of
he external ﬁeld component parallel to the easy axis are of opposite
ign for neighboring domains and do not inﬂuence the macroscopic
verage of the Young’s modulus in ﬁrst order.
The suggested technique is based on a related principle and is
ble to eliminate also the inﬂuence of the longitudinal component
f an external H-ﬁeld on the resonant frequency in ﬁrst order. The
roﬁle of the sensor’s bias ﬁeld along the ribbon’s long axis (x-axis)
as designed completely antisymmetric with respect to its central
ross section:
x(−x) = −Hx(x). (1)
We used a ﬁeld which is basically constant negative for negative
-values and constant positive for positive x-values.
As the mechanical properties of the ribbon depend only on the
bsolute value of the magnetization, the proﬁle of the Young’sFig. 2. Axial magnetic ﬁeld of h-coil and as-coil at a coil current of 1 A.
modulus of an antisymmetrically biased ribbon is symmetric. An
longitudinal external ﬁeld would now decrease the absolute value
of the effective bias ﬁeld in one half of the ribbon (e.g. for x < 0) and
increase it in the other half (e.g. x > 0), independent of the sign of
this external ﬁeld. Thus, also the Young’s modulus will increase in
one half and simultaneously decrease in the other half of the ribbon.
Effects on the ribbon’s resonant frequency due to these deviations
of the Young’s modulus on both sides cancel each other out in ﬁrst
order.
The described antisymmetric nature of the bias ﬁeld also affects
the excited oscillation modes of the ribbon. In most cases the exter-
nal magnetic AC ﬁeld, by which the ribbon’s vibrations are excited,
is predominantly homogeneous. The ﬁeld vector of the homoge-
neous AC ﬁeld adds to the vector of the antisymmetric bias ﬁeld.
This yields a time varying change in magnetization which is sym-
metric for small AC ﬁelds. Therefore the magnetic AC signals of both
halves of the ribbon interfere constructively. The absolute value of
the total magnetization (= pre-magnetization + AC change in mag-
netization) on the other hand increases in one half of the ribbon and
decreases in the other half simultaneously. Due to the magnetoelas-
tic effect this yields tensile stress in one half and compressive stress
in the other half of the ribbon. Therefore antisymmetric mechanical
oscillation modes are excited, whereof only the second harmonic
was considered.
3. Experimental
To test the effectiveness of the proposed compensation the
experiment setup shown in Fig. 1 was used to compare an antisym-
metrically biased ribbon to a conventional symmetrically biased
one. The ribbon geometry was  adopted from those of acoustomag-
netic EAS tags. EAS tags use ribbons with a typical length of 40 mm
and can be read out from a distance of about one meter therewith.
With decreasing ribbon length the signal strength will decrease
quadratically due to increased damping and decreased volume [1].
Setup for antisymmetric biasing: To set the operation point the
ribbon (dimensions 76.6 mm × 12.1 mm  × 22 m)  is magnetically
biased by the antisymmetric ﬁeld of the ‘as-coil’. Therefore the rib-
bon has to be precisely (±0.5 mm)  positioned in the middle of the
as-coil. This was  done by searching for the position where the rib-
bon’s signal is at its maximum. Homogeneous perturbation ﬁelds
are generated by the ‘h-coil’. The ﬁeld proﬁles of both coils are
shown in Fig. 2. From the proﬁle of the as-coil one can also esti-
mate the inﬂuence of the actual position of the ribbon along the
coil axis on the resonant frequency: The transition from the neg-
ative to the positive section of the bias ﬁeld in the center of the
as-coil shows a slope of approximately 35 A/m per mm at a typi-
cally used coil current of 0.2 A. Thus for the affected middle section
of the ribbon a displacement of ±1.3 mm would have the same
effect as a 180◦ rotation in the earth’s magnetic ﬁeld with a ﬁeld
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frequency depends on the homogeneous bias ﬁeld. The earth’s mag-
netic ﬁeld changes the effective bias ﬁeld by ±44 A/m when being
parallel or antiparallel to the ribbon’s long axis, thus, varying theig. 3. Color plot of 2nd resonant frequency (left) and signal strength (right) as a fun
horizontal axis). Ribbon length: 76.6 mm.
trength of ±44 A/m. The resonant frequency of the second har-
onic was measured while varying the strength of both the bias
nd the perturbation ﬁeld independently.
Setup for symmetric biasing: the ribbon (dimensions 38.4 mm ×
2.1 mm ×22 m)  is biased homogeneously by the ‘h-coil’ to set the
peration point. As external ﬁeld perturbations are likewise homo-
eneous they lead only to a constant offset in the bias ﬁeld. The
ependency of the ﬁrst harmonic frequency on the strength of the
omogeneous ﬁeld was  measured. The as-coil was  disconnected to
void any interferences.
Both ribbons are cut from a FeCo-based melt-spun amor-
hous alloy, provided by G. Herzer from VACUUMSCHMELZE,
ith following properties: easy-axis transverse to long axis,
nisotropy ﬁeld: 380 A/m, saturation magnetization: 1.74 T, sat-
ration magnetostriction: 42 ppm, mass density: 7.5 g/cm3. The
ouble length of the antisymmetrically biased ribbon was cho-
en for better comparability of the resonant frequencies as the
econd harmonic is excited in this case. In both cases the rib-
on’s vibrations could therefore be excited by an 65 kHz magnetic
C ﬁeld of the ‘ac-coil’. This frequency lies slightly above the
rst harmonic of the short ribbon and slightly above the sec-
nd harmonic of the ribbon with double length. After sending
he AC signals the ribbon vibrates for about 1 ms  in its self-
scillation modes, thereby inducing a response signal in the
pickup-coil’. A fast Fourier transform was performed on the sig-
al. The resonant frequency was deﬁned as the position of the
pectral peak maximum, the signal amplitude as the height of this
aximum.
To avoid perturbations due to the ‘real’ earth’s magnetic ﬁeld
he coils and the ribbon were placed inside a MuMetal-box, which
hields magnetic ﬁelds.
In a second experiment setup (Fig. 6) the usability of the con-
ept for the aimed application of remote monitoring was tested.
herefore the as-coil was replaced by two antiparallel permanent
agnets adjacent to the longer ribbon (length: 76.6 mm).  They, too,
roduce an antisymmetric bias ﬁeld of similar although not equal
hape compared to the ﬁeld of the as-coil. This kind of bias ﬁeld
annot be varied but constitutes a ﬁxed operating point of the rib-
on. Additionally homogeneous ﬁeld perturbations were imposed
y the h-coil. Their inﬂuence on the ribbon’s resonant frequency
as measured. The permanent magnets (dimensions 43 mm ×
3 mm × 1.1 mm)  are taken from EAS hard tags of SENSOR-
ATIC. The ribbon was  positioned 14 mm above the permanent
agnets. of an antisymmetric bias ﬁeld (vertical axis) and a homogeneous perturbation ﬁeld
4. Results and discussion
Fig. 3 (left) shows the behaviour of the antisymmetrically biased
ribbon when varying both the strength of the bias ﬁeld (i.e. operat-
ing point) and the homogeneous ﬁeld (i.e. perturbation). The area
which is relevant for perturbations due to the earth’s magnetic
ﬁeld is indicated by the white boxes and will be depicted in more
detail in Fig. 5. One can learn from the ﬁgure that the resonant
frequency is both symmetric with respect to the direction of the
applied homogeneous perturbation ﬁeld and that it is continuous.
The elimination of the inﬂuence of small homogeneous ﬁelds in
ﬁrst order is the consequence thereof.
The following results demonstrate this for the speciﬁc prob-
lem of frequency shifts due to the earth’s magnetic ﬁeld, which
is of the magnitude 44 A/m, corresponding to 0.02 A in the h-coil.
The resonant frequency of both a conventional (symmetrically) and
the suggested antisymmetrically biased ribbon have been analyzed
for varying operating points with and without additional homoge-
neous ﬁelds of 44 A/m.
The results for the conventional symmetric sensor design are
shown in Fig. 4. As a consequence of the E-effect the resonantFig. 4. Variations due to the earth’s ﬁeld of the 1st harmonic of the resonator with
the length of 38.4 mm in a homogeneous bias ﬁeld.
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gig. 5. Variations due to the earth’s ﬁeld of the 2nd harmonic of the resonator with
 length of 76.6 mm in an antisymmetric bias ﬁeld.
esonant frequency within a range of 3.0 kHz. The maximum shift
ppears in the steepest part of the f–H-curve, which would other-
ise be the optimal operating point for many sensor applications
or already mentioned reasons (low temperature drift, maximal
ensitivity).
The results for the antisymmetric sensor design are shown in
ig. 5. Due to the earth’s magnetic ﬁeld the resonant frequency
aries within a range of 0.7 kHz. The shift is even much smaller
n the vicinity of the optimal operating point.
The proposed compensation technique reduces the maximum
nﬂuence of the earth’s magnetic ﬁeld by 77%. Additionally also the
easured signal strength of the antisymmetric sensor is larger and
ess affected by the ﬁeld perturbations compared to the conven-
ional sensor design. Parts of this increase in signal strength can
e explained by the double size of the antisymmetrically biased
ibbon and other geometry aspects. But our results show that due
o the special proﬁle of the antisymmetric bias ﬁeld the directly
xcited second harmonic oscillation is of at least similar strength
s the ﬁrst harmonic oscillation of the symmetrically biased ribbon.
t least when assuming ideal conditions this is not surprising. Both
alves of the antisymmetrically biased ribbon perform more or less
n oscillation which is equal to a free ﬁrst harmonic oscillation of a
ibbon with half the size.
Together with the second harmonic also the ﬁrst harmonic
f the antisymmetrically biased ribbon is always co-excited (not
lotted). Both harmonics have similar amplitudes, in contrast to
ymmetrically biased ribbons, where the higher harmonics usu-
lly have much smaller amplitudes than the fundamental. Thus an
ig. 6. Schematic of the experiment setup where the antisymmetric bias ﬁeld is
enerated by two antiparallel permanent magnets.Fig. 7. Variations due to the earth’s ﬁeld of the 2nd harmonic of the resonator with
the length of 76.6 mm in the antisymmetric bias ﬁeld of two antiparallel permanent
magnets.
antisymmetric bias ﬁeld is very beneﬁcial for the mentioned
method of nonuniform mass detection using higher harmonics [25].
As already described above the antisymmetric bias ﬁeld can
also be created by two opposing collinear permanent magnets pos-
itioned in parallel with the magnetoelastic ribbon. Fig. 7 shows the
inﬂuence of external homogeneous ﬁeld perturbations on the res-
onant frequency of a thus biased ribbon. One can clearly see the
symmetry of this effect with respect to the sign of the external ﬁeld.
For the actual operating point, ﬁeld perturbations of the strength of
the earth’s magnetic ﬁeld (±44 A/m) yield frequency ﬂuctuations in
a range of 0.29 kHz. These ﬂuctuations are by a factor of ten smaller
than the maximum deviation in the uncompensated design. The
reason why  the symmetry center of the ﬁgure is shifted to approx-
imately −0.02 A is most probably an offset in the control of the
bias-coil and not due to deviations in the strength of the perma-
nent magnets as we conclude from reference measurements. If this
would be taken into account the frequency deviations would even
shrink to 0.09 kHz.
5. Conclusion
Thus, we  conclude that the presented compensation technique
brings forth outstanding reductions of the disturbing inﬂuence of
the earth’s magnetic ﬁeld. This allows for sensor applications with
high accuracy. Assuming a sensor design for the presented ribbon
material where the full measurement range of the measured quan-
tity is transduced to a resonant frequency change of 10 kHz the
noise due to the sensors orientation in the earth’s magnetic ﬁeld
would shrink down to 1% of this measurement range.
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